Magnetoelectric effect in organic molecular solids by Naka, Makoto & Ishihara, Sumio
ar
X
iv
:1
50
9.
08
55
7v
1 
 [c
on
d-
ma
t.s
tr-
el]
  2
9 S
ep
 20
15
Magnetoelectric effect in organic molecular solids
Makoto Naka and Sumio Ishihara∗
Department of Physics, Tohoku University, Sendai 980-8578, Japan.
∗e-mail: ishihara@cmpt.phys.tohoku.ac.jp
(Dated: October 16, 2018)
1
The Magnetoelectric (ME) effect in solids is a prominent cross correlation
phenomenon, in which the electric field (E) controls the magnetization (M) and
the magnetic field (H) controls the electric polarization (P ). A rich variety of
ME effects and their potential in practical applications have been investigated
so far within the transition-metal compounds. Here, we report a possible way to
realize the ME effect in organic molecular solids, in which two molecules build
a dimer unit aligned on a lattice site. The linear ME effect is predicted in a
long-range ordered state of spins and electric dipoles, as well as in a disordered
state. One key of the ME effect is a hidden ferroic order of the spin-charge
composite object. We provide a new guiding principle of the ME effect in
materials without transition-metal elements, which may lead to flexible and
lightweight multifunctional materials.
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The coupling between electric and magnetic polarizations in insulating solids has been
accepted as exciting phenomena since the Curie’s early prediction of the ME effect1. A
keystone in researches on the ME effect was brought by Cr2O3, for which a number of
experimental and theoretical results have been reported since the discovery2–5. Interest
in the ME effect has been recently revived6,7. This is ascribed to the several recent de-
velopments: i) large non-linear ME effects discovered in TbMnO3 and other multiferroic
materials with spin frustration8–14, ii) significant development of synthesis techniques for
artificial ME composites, e.g. BaTiO3/CoFe2O4
15,16, and iii) a new theoretical framework
for the ME polarizability, which is related to the axion electrodynamics, by which the ME
tensor is evaluated qualitatively from first principles17,18. Almost all of the ME materials
examined so far are transition-metal compounds, containing a vast treasury of magnetic and
ferroelectric phenomena, allowing a coupling between the two.
Organic molecular solids are another class of materials, in which a wide variety of mag-
netic and dielectric phenomena emerges19. However, to the best of our knowledge, reports
of the ME effect in organic molecular solids without transition-metal elements are limited so
far. The fundamental unit of crystalline and electronic structures in this class of materials is
the molecule rather than ion/atom in the transition-metal compounds. In particular, flexi-
ble π molecular orbitals prescribe their magnetic and dielectric responses. Low-dimensional
organic molecular solids, in which the molecular dimer units build a framework of the crys-
tal lattice, have been ubiquitously targeted as multifunctional materials in recent decades.
Series of tetramethyl-tetrathiafulvalene (TMTTF) and bis(ethylenedithio)tetrathiafulvalene
(BEDT-TTF) compounds are the well-known examples. A rich variety of phenomena, e.g.,
superconductivity, quantum spin liquid state, ferroelectricity, and so on, have attracted con-
siderable interest, and these have been ascribed to the molecular orbitals (MO) in dimer
units20–25.
Here, we show that this dimer-type organic molecular solids provide an appropriate frame-
work for the ME effect. We first present a symmetrical consideration for the ME effect in
a simple one-dimensional chain model. Numerical calculations in a two-dimensional lattice
modeling the κ-(BEDT-TTF) type organic molecular solids demonstrate that the linear ME
effect emerges in a long-range ordered state of spins and electric dipoles owing to the elec-
tronic degree of freedom inside the molecular dimers. We identify that the essence of this
phenomenon is attributable to a hidden ferroic order of the spin-charge composite object.
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The ME effect is also observed even in the spin and charge disordered state, in which the
spin-charge composite ferroic order is realized. The present study of the ME effect provides
a new strategy of material designs for a new type of multiferroic organic molecular solids.
Let us start from a simple example, a one-dimensional array of the molecular dimer units,
as shown in Fig. 1, where the number of electrons are fixed to be equal to the number of the
dimer units. This is a model for the one-dimensional chain in (TMTTF)2X (X: monovalent
anion). When a coupling between the two molecules in a dimer unit is strong enough,
one electron (or hole) occupies a bonding (antibonding) MO in each dimer unit. This is
identified as a Mott insulator, termed a dimer-Mott insulator, in the case in which the
Coulombic interaction between electrons inside a dimer unit is larger than the bandwidth26.
Antiferromagnetic (AFM) alignment of electronic spins located at each dimer unit owing to
the inter-dimer exchange interaction is a plausible magnetic structure (Fig. 1a) that is often
realized27,28.
Now, a degree of freedom inside a dimer unit is taken into account. A charge degree
of freedom inside a dimer unit, i.e. the shape of the electronic charge cloud, is activated
in the case in which the inter-dimer couplings overcome the gap between the bonding and
antibonding MOs. Inequivalent charge distribution in the two molecules in a dimer unit
induces a local electric-dipole moment that is often called a “dimer dipole”. An alternate
alignment of the dimer dipoles corresponding to the antiferroelectric (AFE)-type order is one
possible configuration on the chain due to a gain of the interaction between electrons in the
nearest neighboring dimers. We show here that this spin and charge configuration, termed
the mutiferroic AFM+AFM order, shown in Fig. 1b has a key symmetry for the ME effects.
This configuration is neither invariant by the space reversal operation (denoted by Is) nor
by the time reversal operation (denoted by It) as shown in Fig. 1c, while it is invariant by
the spontaneous space-time reversal operation (IsIt). This symmetry consideration predicts
a cross term of P and M in the Landau-type free energy giving rise to a linear ME effect.
The above prediction from the symmetry consideration is embodied by the following
microscopic picture. Let us set up the multiferroic AFE+AFM state in a chain, in which
local magnetic moments are not fully polarized due to thermal and/or quantum fluctuations.
Spins are assumed to be directed, for example along an axis perpendicular to the chain, due to
a weak anisotropic interaction, such as the Dzyaloshinskii-Moriya interaction. When electric
field is applied along the chain, as shown in Fig. 1d, the electronic charge distributions in
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a right-polarized and left-polarized dimers are no longer symmetric to each other under the
space reversal operation, making the exchange interactions acting on the up- and down-spin
moments inequivalent to each other. As a result, the up- and down-spin polarizations are not
canceled perfectly and a net magnetization appears. This is the spin-electronic contribution
in the ME polarizability18.
While the essence of the ME effect in the molecular dimer system is incorporated in this
simple one-dimensional model, in reality such quantum spin chains often show the spin-
Peierls states at low temperatures, rather than the AFM order29–32. Thus, we demonstrate
the ME effect by numerical calculations in a realistic κ-(BEDT-TTF) type crystal lattice
shown in Fig. 2a, where two-dimensional alignment of the dimer units prevents a paring of
spins associated with the bond alternation. A minimal theoretical model for the molecular
dimer systems showing the multiferroic AFE+AFM phase is known to be the Hamiltonian1,2
given by
H = J
∑
〈ij〉
Si · Sj − V
∑
〈ij〉
QxiQ
x
j + Γ
∑
i
Qzi −K
∑
〈ij〉
Si · SjQxiQxj , (1)
where Si is a spin operator at i-th dimer unit with magnitude of 1/2. The charge degree of
freedom inside a dimer unit is represented by the pseudo spin operator, Qi, with magnitude
of 1/2. The x component, Qxi = +1/2 (−1/2), represents an electrically polarized state, and
the z component, Qzi = +1/2 (−1/2), represents a bonding (antibonding) MO state, where
an electronic charge distribution is symmetric in a dimer unit. All interaction parameters
are positive. The first term represents the conventional AFM Heisenberg interaction. The
second and third terms, respectively, originate from the inter-dimer Coulomb interaction
and the electron hopping between MOs inside the dimer units, and promotes and prevents
the long-range order of the dimer dipoles. The last term represents a coupling between
spins and dimer dipoles, and has a similarity to the Kugel-Khomskii type Hamiltonian
for the orbital degenerated transition-metal compounds35. This model is derived from the
generalized Hubbard-type model by the perturbational calculations, that are presented in
the Supplemental Information (SI). In the following, Γ/2 corresponding to the intra-dimer
hopping integral is taken as a unit of energy, which is approximately 0.3 eV for the typical
κ-type BEDT-TTF compounds.
A phase diagram on a plane of temperature (T ) and the inter-dimer Coulomb interaction
(V ) calculated by the mean-field approximation introduced in SI is presented in Fig. 2a. In
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low temperatures, the two typical phases are confirmed; a multiferroic AFE+AFM ordered
phase, where spins align antiferromagnetically and polarizations of the electronic clouds in-
duce the canted AFE dimer-dipole order, as shown Fig. 2a, and an electrically non-polarized
phase with AFM order, where the electronic clouds distribute symmetrically inside the dimer
units. Spins are assumed to be directed along the y axis due to a weak anisotropic interac-
tion which is not included in the model explicitly. We focus on the multiferroic AFE+AFM
ordered phase. Realizations of this phase were suggested experimentally in the BEDT-TTF
compounds22,23.
A magnetization, an electric polarization, and ME response coefficients are calculated
in finite T . An ME response coefficient, αµν = dMµ/dEν |E=0, is presented in Fig. 2b.
In the parameter sets adopted in the numerical calculations (the dotted line in Fig. 2a),
the AFE-type dipole order, characterized by an order parameter PAF, occurs at a much
higher temperature than the Ne´el temperature (TN), as presented in Fig. 2c. It is shown
that αµν emerges below TN and disappears toward the zero temperature. This temperature
dependence almost traces the magnetic fluctuation, shown in Fig. 2d, where a product of
the magnetic susceptibility (χs) and the AFM order parameter (MAF) is plotted, indicating
that the fluctuation is responsible for the ME effect as mentioned above. A large anisotropy
in the tensor components of α is seen; there is no ME response when E is parallel to the y
axis, because the electronic clouds for the up- and down-spins are equivalent even under the
electric field. That is, αyx is only finite in these spin and charge configurations. Although
the ordered spins are assumed to be directed along the y axis in the present calculation, the
tensor components of αµν emerge in a similar manner in the case where spins in the AFM
phase are directed along other directions. A linearlity of the induced M with respect to E
expected from the symmetry consideration is obtained as shown in Fig. 2e. A schematic spin
and charge configuration under the electric field applied to the x axis is shown in Fig. 2f .
We have checked that the inverse ME response coefficient, α¯µν = dPµ/dHν|H=0, shows the
same temperature dependence with α. Since the magnetic field perpendicular to the spin
direction does not break an equivalence of the two kinds of the polarized dimers, α¯xy is only
finite.
So far, our discussion of the ME effect has been restricted in the multiferroic AFE+AFM
ordered state, where the equivalence of the up- and down-spin sublattices or that of the two
kinds of dimer-dipole sublattices is broken by the external fields. The necessary condition
6
of the ME effect is generalized by introducing the composite operator of the spin and charge
degrees of freedom defined by T i =
∑
ν 2p
ν
iSi, termed the spin-charge composite operator,
in which p is a local electric dipole moment at i-th dimer. A local dipole moment p is
represented by pxi = p
y
i = Q
x
i for the A dimers and −pxi = pyi = Qxi for the B dimers,
respectively, where the A and B dimers are defined in Fig. 2(a). From the viewpoint of the
multipole moment, the spin distribution of this object is reduced to the magnetic dipole,
magnetic quadrapole, and toroidal moments, as shown in Fig. 3, and the charge distribution
is reduced to the electric dipole and electric quadrapole moments. This operator changes
its sign by the space reversal operation, Is, as well as by the time reversal one, It, but it
is invariant by the simultaneous operation of Is and It. We show in the following that the
ferroic order of T i, i.e., τ = N
−1 |∑i〈T i〉| with the number of dimers N , gives rise to the
ME effect, even with neither the AFM order nor the AFE order. Temperature dependence of
τ in the case of the multiferroic AFE+AFM state introduced above is presented in Fig. 2d.
In order to demonstrate this concept of the spin-charge composite order, we set up a model
for the molecular dimer system where quenched randomness is introduced. This is modeled
by randomly directed local electric field, hi, acting on the dimer dipoles. This is introduced
as
∑
i hiQ
x
i , in addition to the Hamiltonian defined in equation (1). Possible origins of
this term in the BEDT-TTF compounds are attributed to the random configurations of the
ethylene groups in the BEDT-TTF molecules36,37 and the random orientations of the CN
groups in the anion layer38. Artificial X-ray irradiation may also produce random potentials
in samples39,40. Relaxor-like behaviors in the dielectric constant, which might be due to
random dipole configurations, are often observed experimentally in the dimer-type organic
molecular solids21–23,41. The model Hamiltonian with the random electric field is analyzed
by the cluster mean-field approximation, in which physical quantities are averaged with
respect to the random configurations of hi, and amplitude of the random field is denoted by
h. Details are given in SI.
As shown Fig. 4a, finite values of the ME coefficients emerge below certain temperatures.
In the case of the strong randomness, instead of the multiferroic AFE+AFM state, the spin
glass (SG) state associated with the electric-dipole glass, i.e. the charge glass (CG) state
emerges. In Fig. 4b, we plot the temperature dependences of the SG order parameter (qS)
and the CG order parameter (qQ). While the CG order parameter is always finite, the SG
state sets in at a certain temperature denoted by TSG. Any types of order parameters for the
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conventional magnetic and electric-dipole long-range orders are zero in a whole temperature
range, unlike the case without the randomness. There is a hidden order below TSG, i.e., the
ferroic order of the spin-charge composite operator appears, as shown in Fig. 4b. It is shown
in Fig. 4a that the linear ME coefficients for several amplitudes of the randomness appear
in concert with τ . The present ME effect is active even without the conventional magnetic
and electric-dipole orders, but under the ferroic order of the spin-charge composite object.
The present scenario for the ME effect has significant potentialities for actual dimer-type
organic molecular solids. A possible candidate is κ-(BEDT-TTF)2Cu[N(CN)2]Cl. A long-
range order of the dimer dipoles associated with the AFM order, which is similar to the
configuration shown in Fig. 2a, was reported below the Ne´el temperature at approximately
27 K22, although there is a debate for a realization of the dimer dipoles24. Another candidate
is β ′-(BEDT-TTF)2ICl2 where a change in the dielectric responses was observed at the
Ne´el temperature23. The present scenario of the ME effect is also applicable to a series
of TMTTF2X ; in the case of X =SbF6, a ferroelectric-type dipole order associated with
the AFM order emerges42–44. The expected maximum values of the ME and inverse ME
coefficients from the present theory are of the order on 10−6–10−4 in the cgs Gauss system,
in which 10−4 is the same order of the ME coefficients in Cr2O3
3. The ME effect proposed
here has a chance to be generalized into the ME effect in the high frequency region, which
will be confirmed directly by the optical measurements. The present novel ME effect in
the dimer-type organic molecular solids may not only provide the new guiding principle
of multiferroic materials, but also promote material designs of organic molecular solids as
flexible and lightweight multifunctional materials.
Method
Phase diagram at finite temperature is calculated by applying the mean-field approximation
to the Hamiltonian in equation (1), where 〈Sµi 〉, 〈Qµi 〉, and 〈Sµi Qνi 〉 as the order parameters
are determined self-consistently. The model Hamiltonian with the random field is analyzed
by the cluster mean-field approximation; spin and pseudo spin states inside of small clusters
with the mean field are calculated exactly. Expectation values are obtained by averaging in
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terms of the random field configurations.
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E P M
FIG. 1: Spin and charge configurations in a molecular dimer system where dimer
units are arrayed on a one dimensional chain. Filled purple circles, shaded ovals and thin
red and blue arrows represent molecules, charge distributions, and spins, respectively. Shaded
orange arrows represent electric dipole moments due to deformations of the charge clouds. Spins
are aligned antiferromagnetically and are directed perpendicular to a chain. a, An electrically
non-polarized state in which charge distributions in two molecules inside a dimer are equivalent. A
corresponding one-dimensional chain composed of the TMTTF molecular dimers are presented in
the upper panel where dotted circles denote the dimer units. b, An electrically polarized state in
which charge distributions are polarized alternately, termed the multiferroic AFE+AFM state. c,
A spin and charge configuration obtained by applying the time reversal operation (It) or the space
inversion operation (Is) to the configuration in b. d, Electric field (E) along the chain direction
is applied on the polarized state in b. Net magnetization (M) and electric polarization (P ) are
induced to be perpendicular and parallel to a chain, respectively.
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FIG. 2: ME effects in a two dimensional molecular dimer system. a, Finite T phase
digram. Spin and charge configuration in the mutiferroic AFE+AFM phase is also shown. Filled
purple circles, shaded ovals, and thin red and blue arrows represent molecules, charge distribu-
tions, and spins, respectively. The two kinds of dimers are labeled by A and B. b, Calculated T
dependences of the ME coefficients α. Red and green lines represent the results in the case where
the electric field is applied along the x and y axes, respectively. c, Calculated T dependences of
the staggered magnetization MAF (red line) and staggered electric polarization PAF (green line).
d, Calculated T dependences of the composite spin-charge order parameter τ (blue line) and a
product of MAF and the magnetic susceptibility χs (orange line). e, Net magnetization versus
electric field for several T . f , A spin and charge configuration below TN under the electric field
along the x axis.
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ToroidalQuadrapoleDipoleComposite
FIG. 3: Spin and charge distributions for the spin-charge composite moment. Filled
circles, shaded ovals, and thin arrows represent molecules, charge distributions, and spins, re-
spectively. Shaded orange and green circles represent positive and negative charge distributions,
respectively. The spin distribution in a dimer unit in the ferroic spin-charge composite ordered
state is decomposed into a magnetic dipole moment, a magnetic quadrapole moment, and a toroidal
moment.
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FIG. 4: ME effects in a two dimensional molecular dimer system in the presence
of local random electric fields. a, Calculated T dependences of the ME coefficient for the
several amplitudes of the random field h. The electric field is applied along to the y direction.
b, Calculated T dependences of order parameters at the random field amplitude h = 2.5. Order
parameters for SG (qS) and CG (qQ) are denoted by red and green lines, respectively. A blue line
represents the ferroic spin-charge composite order parameter.
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I. MODEL HAMILTONIAN
The model Hamiltonian for the molecular dimer systems introduced in equation (1) in the
main text is derived from the extended Hubbard-type Hamiltonian1,2. A molecular dimer
unit consisting of the two molecules termed a and b is introduced at each site in a crystal
lattice. The Hamiltonian is given by HEH = Hintra +Hinter. The intra-dimer term is given
by
Hintra = tA
∑
iσ
(
c†iaσcibσ +H.c.
)
+ U
∑
iµ
niµ↑niµ↓ + VA
∑
i
nianib, (2)
in which c†iµσ (ciµσ) is the creation (annihilation) operator for a hole with spin σ(=↑, ↓) and
molecule µ(= a, b) at i-th dimer, and niµ(=
∑
σ niµσ =
∑
σ c
†
iµσciµσ) is the number operator.
We introduce the intra-dimer hopping integral (tA), the electron-electron interaction inside a
molecule (U), and the inter-molecule electron-electron interaction inside a dimer unit (VA).
The inter-dimer term is given by
Hinter = Ht +HV
=
∑
〈ij〉µµ′σ
tµµ
′
ij
(
c†iµσciµ′σ +H.c.
)
+
∑
〈ij〉µµ′
V µµ
′
ij niµnjµ′, (3)
where tµµ
′
ij and V
µµ′
ij , respectively, are the hopping integral and the electron-electron inter-
action between the molecule µ at i-th dimer unit and the molecule µ′ at j-th dimer unit.
In the case of the strong electron-electron interaction inside the dimer, i.e. U − tA, VA −
tA ≫ tµµ′ , Vµµ′ , the number of hole at each dimer is fixed to be one, and the low-energy effec-
tive Hamiltonian is obtained by the perturbational calculations, in which Hinter is treated as
the perturbational term. We introduce the pseudo spin (PS) operator Q with an amplitude
1/2 to describe the charge degree of freedom inside the dimer defined by
Qi =
1
2
∑
σνν′
cˆ†iνσσνν′ cˆiνσ, (4)
where we define the hole operators for the bonding and antibonding molecular orbitals as
cˆiα(β)σ = (ciaσ−(+)cibσ)/
√
2. The eigen functions of Qx are the charge polarized state where
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the a or b orbital is occupied by a hole, and those for Qz are the non-polarized states where
the antibonding orbital (α) or the bonding orbital (β) is occupied. The effective Hamiltonian
up to the order of O(HV ) and O(H2t ) is given by
Heff = H˜intra + H˜V +HJ . (5)
The first two terms are represented by
H˜intra + H˜V = Γ
∑
i
Qzi +
∑
〈ij〉
WijQ
x
iQ
x
j , (6)
where Γ(= 2tA) is the intra-dimer electron transfer and Wij(= V
aa
ij +V
bb
ij −V abij −V baij ) is the
Coulomb interaction. The third term in equation (5) represents the exchange interaction
originating from the second order perturbation with respect to Ht, and is classified by the
spin-singlet and spin-triplet intermediate states in the perturbational processes as
HJ = −
∑
〈ij〉
(
3
4
+ Si · Sj
)
hTij −
∑
〈ij〉
(
1
4
− Si · Sj
)
hSij . (7)
Explicit forms of hmij (m = T, S) are represented by
hmij =
∑
ν1,ν2=(α,β)
Jν1ν2mij nˆiν1nˆjν2 +
∑
γ1,γ2=(+,−)
Jγ1γ2mij Q
γ1
i Q
γ2
j
+
∑
ν=(α,β)
(
JxνmijQ
x
i nˆjν + J
νx
mijnˆiνQ
x
j
)
, (8)
where Q±i = Q
x
i ± iQyi and nˆiν =
∑
σ=(↑,↓) cˆ
†
iνσ cˆiνσ. The exchange constants are given by
JννT ij = (tˆ
2
αβ + tˆ
2
βα)/∆
T
νν , J
νν¯
T ij = (tˆ
2
αα + tˆ
2
ββ)/∆
T
νν¯ , J
++
T ij = J
−−
T ij = −tˆαβ tˆβα
(
∆S−1αα +∆
S−1
ββ
)
,
J+−T ij = J
−+
T ij = −2tˆααtˆββ/∆Tαβ, JxνT ij = (tˆββ tˆαβ − tˆααtˆβα)
(
∆T−1νν +∆
T−1
αβ
)
, and JνxT ij =
JxνT ij
(
tˆνν′ ↔ tˆν′ν
)
for the spin-triplet intermediate states, and
JννSij =
tˆ2αβ + tˆ
2
βα
∆Sνν
+ 4tˆ2νν
(
D2ν
∆
D+
νν
+
D2ν¯
∆
D−
νν
)
, (9)
Jνν¯Sij =
tˆ2αα + tˆ
2
ββ
∆Sαβ
+ 2tˆ2νν¯
(
1
∆
D+
αβ
+
1
∆
D−
αβ
)
, (10)
J++Sij = J
−−
Sij = tˆαβ tˆβα
(
1
∆Sαα
+
1
∆Sββ
)
+ 2tˆααtˆββC+C−
(
1
∆D+αα
+
1
∆D+ββ
− 1
∆D−αα
− 1
∆D−ββ
)
,
(11)
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J+−Sij = J
−+
Sij =
2tˆααtˆββ
∆Sαβ
+ 4tˆαβ tˆβαC+C−
(
1
∆D+αβ
− 1
∆D−αβ
)
, (12)
JxνSij = (tˆββ tˆαβ + tˆααtˆβα)
(
1
∆Sνν
+
1
∆Sαβ
)
+ 2tˆνν tˆν¯ν
{
Dν (Dν +Dν¯)
(
1
∆
D+
νν
+
1
∆
D+
αβ
)
−Dν (Dν −Dν¯)
(
1
∆
D−
νν
+
1
∆
D−
αβ
)}
, (13)
and JνxSij = J
xν
Sij
(
tˆνν′ ↔ tˆν′ν
)
for the spin-singlet intermediate states. We define ν¯ = (β, α)
for ν = (α, β), and tˆνν′ ≡ tˆνν′ij =
∑
µ,µ′=(a,b) Uνµt
µµ′
ij U
†
µ′ν′. Energy differences are defined
by ∆Tνν′ = ET − Eν − Eν′, ∆Sνν′ = ES − Eν − Eν′ , and ∆D±νν′ = ED± − Eν − Eν′ with
ET = VA, ES = U , ED± = (U + VA)/2 ±
√
4t2A + (U − VA)2/4, Eα = −tA, and Eβ = tA.
Coefficients are Dν(ν¯) =
{
C+(−), C−(+)
}
for ν = (α, β), where C2+ + C
2
− = 1 and C−/C+ =
{2ED+ + 4tA − (U + VA)} /(U − VA) are satisfied.
We apply this model to a two-dimensional plane in the crystal lattice of the κ-type BEDT-
TTF compounds shown in Fig. 5a. We focus on the ME effect in the AFE+AFM ordered
phase. The calculated results are shown in Fig. 2 in the main text. Analyses of the ME
effect without the conventional magnetic long-range orders will be discussed in Sect. III, and
the results are shown in Fig. 4 in the main text. In the numerical calculations, parameter
values are chosen to be U = 6 and VA = 4.5, where tA is taken as a unit of energy. As for
the inter-dimer hopping integral, the most dominant term on a bond denoted by p shown
in Fig. 5a is taken into account. A numerical value of the hopping integral is chosen to
be tp = 0.5. This simplification might correspond to the κ-type BEDT-TTF compounds
showing the AFM order, for example κ-(BEDT-TTF)2Cu[N(CN)2]Cl, where the so-called
magnetic frustration effect is weak3.
The dominant exchange interactions in addition to the unperturbed terms in equation (6)
are given by
H = Γ
∑
i
Qzi − V
∑
〈ij〉
QxiQ
x
j + J
∑
〈ij〉
Si · Sj −K
∑
〈ij〉
Si · SjQxiQxj , (14)
which is the Hamiltonian introduced in equation (1) in the main text. The third and
fourth terms describe the Heisenberg-type exchange interaction and the spin-charge coupling,
respectively. The exchange constants are explicitly given by
J =
1
4
∑
ν1,ν2=(α,β)
(
Jν1ν2Sij − Jν1ν2T ij
)
(15)
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FIG. 5: Lattice structure of the κ-type BEDT-TTF compounds and the dominant
exchange interaction. a, A schematic lattice structure where filled circles denoted by a and
b represent the BEDT-TTF molecules. Symbols B and p are the names of the bonds. Dotted
ovals denote the dimer units. b, A stable spin and charge configuration in the nearest neighboring
two dimer units connected by the p bond. Filled circles, shaded circles, thin arrows, and shaded
arrows indicate molecules, charge distributions, spins, and electric dipoles, respectively. c, A phase
diagram calculated based on the Hamiltonian in equation (5), where all of the exchange interaction
terms are taken into account.
and
K =
∑
γ1,γ2=(+,−)
(
Jγ1γ2Sij − Jγ1γ2T ij
)
. (16)
The third and fourth terms in equation (14) in an isolated p bond favors the antiparallel
alignments of spins and charge PSs, as shown in Fig. 5b. This originates from the kinetic
energy gain of tp. Amplitudes of J and K are about 2–10 times larger than other exchange
constants. The phase diagram where all exchange interaction terms are taken into account is
shown in Fig. 5c. The phase diagram calculated based on the Hamiltonian in equation (14)
shown in Fig. 2a in the main text well reproduces the result in Fig. 5c, implying the relevance
of the present Hamiltonian in equation (14).
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II. MEAN-FIELD APPROXIMATION
The Hamiltonian introduced in equation (1) in the main text is analyzed by the mean-
field (MF) approximation. We take the unit cell that includes the two nonequivalent dimers,
and introduce the following MFs, 〈Sµ〉, 〈Qx〉, and 〈SµQx〉 with µ = (x, y, z) in each dimer,
where the bracket represents the thermal average. The interaction terms are decoupled as
Si · Sj → Si · 〈Sj〉 + 〈Si〉 · Sj − 〈Si〉 · 〈Sj〉, QxiQxj → Qxi 〈Qxj 〉 + 〈Qxi 〉Qxj − 〈Qxi 〉〈Qxj 〉, and
SiQ
x
i ·SjQxj → SiQxi · 〈SjQxj 〉+ 〈SiQxi 〉 ·SjQxj − 〈SiQxi 〉 · 〈SjQxj 〉. The MFs are determined
selfconsistently.
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III. RANDOMNESS AND CLUSTER MEAN-FIELD APPROXIMATION
Randomness is introduced as the random electric field, which couples to the dimer dipoles.
This interaction is represented by
Hr = −
∑
i
hiQ
x
i , (17)
where hi is the random electric field at the i-th dimer and is defined as hi = hǫi with
amplitude h and the site-depend random variable ǫi = ±1. This is determined by the
bimodal distribution function given by
P (ǫi) =
1
2
{δ(ǫi − 1) + δ(ǫi + 1)} . (18)
An expectation value of an observable A is given by the configuration average defined by
[〈A〉] =
∏
i
∫ ∞
−∞
dhiP (ǫi)〈A〉({hi}), (19)
where 〈A〉({hi}) is the thermal average for a certain random field configuration {hi}4.
A sum of the effective Hamiltonian introduced in equation (14) in Sect. I and the random
field term in equation (17) is adopted as the model Hamiltonian. We examine a possibility of
the ME effects without conventional magnetic long-range orders, in contrast to the ME effect
in the AFM ordered phase shown in Fig. 2 in the main text. Thus, we introduce the magnetic
frustration effect, in addition to the randomness effects, and suppress development of the
Ne´el order. Then, the exchange constants in equation (14) are estimated by considering the
hopping integrals for the B bonds, as well as those in the p bonds (see Fig. 5a). Numerical
values of the hopping integrals are chosen to be tB = tp = 0.5. This might be suitable
for the κ-type BEDT-TTF compounds, in which no conventional magnetic long-range order
appears, for example κ-(BEDT-TTF)2Cu2(CN)3, where the frustration effect is strong
3.
The Hamiltonian with the random electric field is analyzed by the cluster MF ap-
proximation, in which the exact diagonalization methods based on the Householder al-
gorithm and the MF approximation are combined. The MF decouplings are introduced as
Si ·Sj → Si · [〈Sj〉]+[〈Si〉] ·Sj−[〈Si〉]· [〈Sj〉], QxiQxj → Qxi
[〈Qxj 〉]+[〈Qxi 〉]Qxj −[〈Qxi 〉] [〈Qxj 〉],
and SiQ
x
i · SjQxj → SiQxi ·
[〈SjQxj 〉] + [〈SiQxi 〉] · SjQxj − [〈SiQxi 〉] · [〈SjQxj 〉]. A cluster in-
cluding three dimer units with the periodic boundary condition is adopted. The spin-glass
and charge-glass order parameters plotted in Fig. 4b in the main text are defined as
qS =
√
[〈Sx〉2] + [〈Sy〉2] + [〈Sz〉2] (20)
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and
qQ =
√
[〈Qx〉2], (21)
respectively.
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